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SUMMARY

Aerodynamic forces, moments, and pressures, and their respective
phase angles, associated with a deformed pitching mode oscillation of
a wing having an aspect ratio of 3 and a taper ratio of 0.5 are con-
sidered. Results of the experimental investigation are compared, in
the subsonic Mach number range, with those obtained by use of a theoret-
ical analysis based on a numerical solution of the integral equation of
subsonic lifting-surface theory. A total of 30 dynamic-pressure gages
were located at 5 spanwise stations within a wing mounted on a mechanism
which forced the wing to undergo a pitching oscillation at the resonant
frequency of the system.

Data were obtained for the wing oscillating 1+1.5° about mean angles
of attack of 09, 5°, and 10° over a Mach number range from 0.40 to 1.07,
a reduced-frequency range from 0.058 to 0.269, and a Reynolds number
range from 6.0 x 106 to 10.2 x 106.

Comparisons with theory of the measured aerodynamic force, moment,
and pressure coefficients and respective phase angles, when the wing
was at a mean angle of attack of 09, showed generally good agreement.
At 5° and 10° mean angles of attack, the experimental data indicate
variations probably caused by shock waves and flow separation.

INTRODUCTION

A need exists for experimental measurements of oscillating air
forces because of their importance in flutter and related fields and in
order to assess current theoretical work. Despite the importance of the
problem, only limited experimental data exist for restricted ranges of



aspect ratio, Mach number, and Reynolds number. Reference 1 includes

an extensive bibliogrephy and discusses the present position of the
measurement of oscillatory derivatives as well as various methods
employed to determine unsteady air loads. In addition, there are, of
course, analytical procedures available for the determination of unsteady
aerodynamic forces and moments. With the aid of advances in high-speed
computing equipment, procedures have been developed for obtaining the
aerodynamic forces associated with the particular planform of interest
with its specific modes of oscillation. One such procedure, commonly
referred to as the kernel function procedure, has been employed in the
present investigation. This procedure, which involves a numerical
solution of the integral equation of subsonic lifting-surface theory,

is described in references 2 and 3. The present investigation was under-
taken with the aim of correlating analytically and experimentally deter-
mined aerodynamic forces, moments, and pressure distributions.

Presented in this paper are the force, moment, and pressure coef-
ficients associated with the pitching oscillations about the root mid-
chord of a half-span wing having an aspect ratio cf 3 and a taper ratio
of 0.5. These experimentally determined coefficients were measured over
a reduced-frequency range from 0.058 to 0.269 and a Mach number range
from 0.40 to 1.07. The Reynolds number, based on average chord, varied
from 6.0 X lO6 to 10.2 x 106. The measurements were made by using a
forced resonant oscillation technique in the Langley 16-foot transonic
tunnel on a wing equipped with a total of 30 miniature electrical pres-
sure gages located at 5 spanwise stations. The chordwise distribution
of oscillating pressure coefficients and the spanwise distribution of
section forces and pitching moments together with their respective phase
angles are compared with the results of calculations based on the kernel
function procedure in the subsonic Mach number range.

SYMBOLS

A aspect ratio

complex total lift, total pitching-moment, and
pressure coefficients due to pitching oscillation;

for example, for lift, Cp o = (CL’a)r + i(CL,a)i

C1,0°M,a7%p,a

c wing chord at station, ft

complex section 1lift and section pitching-moment
coefficients due to pitching oscillation; for
exemple, for section 1lift,

3,0 = Cr,a), ¥ 1(1,a);

c c
1,0’ M,a

O O\ O\ b



reference chord (root chord of wing), ft

Co

P- T

k reduced-{'requency parameter, %%

Ly, total 1if't, positive upward, |q|qSCL,a, 1b

la section 1ift, |ajqcey o, 1b/ft

M Mach number

My, total pitching moment about pitch axis, positive with
leading edge up, [aqucoCM’a, ft-1b

My, section pltching moment about pitch axis,
|a|ac®em,q; ft-1b/ft

Ap complex pressure difference, lower-surface pressure
minus upper-surface pressure, q]alcp,a, lb/sq ft

a dynamic pressure, lb/sq ft

R Reynolds number

S area of wing, sq ft

v velocity of airstream, ft/sec

a angle of attack, positive when leading edge is up, deg

o mean angle of attack, static condition, deg

¢L,a’¢M,a’¢p,a phase angle between total 1lift, total pitching moment,

and pressure, respectively, and displacement in
pitching oscillation (positive phase angle indicates
that 1lift, pitching moment, or pressure difference Ap
leads displacement), deg; for example, for phase
angle between total 1ift and angular displacement,

-1 (CL:G'>1

¢L,(I, = tan G Y
( L;@/r



¢Z OL,¢m “ phase angle between section 1lift and section pitching
? ? moment, respectively, and displacement in pitching
oscillation, deg; for example,

(CZ,CL)-

= -1 1
¢Z,a = tan (cl,a>r
w circular frequency of oscillation, radians/sec
, l absolute value or modulus
Subseripts:
i,r imaginary and real components

EXPERTMENTAL INVESTIGATION

Apparatus

Tunnel.- The tests were made in the Langley 16-foot transonic tunnel
which is a conventional slotted-throat tunnel operating at atmospheric
stagnation pressure. A detailed description of this tunnel is given in
reference 4.

For these tests, the wing was mounted on the side wall of the tunnel
as shown in figure 1. A temperature and pressure survey made in the test
section of the tunnel at the locale of the wing prior to conducting the
test program indicated that satisfactory flow conditions did exist over
the wing surface where the pressure gages were installed. The boundary
layer dissipated between 0.089 semispan and 0.178 semispan; this dis-
sipation indicated that the inboard, or 0.17 semispan, pressure gages
were essentially unaffected by tunnel boundary conditions. The airstream
Mach number profile across the wing span was uniform outside the boundary
layer but a temperature and accompanying velocity gradient existed for
which a calibration was made and used in the data reduction.

Wing model.- The 45-inch-semispan unswept wing model had a tapered
planform with a 4O-inch root chord and a 20-inch tip chord. The wing
was of thick-skin steel construction and had an NACA 65A005 airfoil
section. It contained 6 rib sections with the 30 dynamic-pressure gages
located as indicated in figures 2 and 3. Figure 3 is a photograph of
the mechanism and model with the wing upper surface removed. Miniature
pressure gages were installed in the rib sections between the upper and
lower wing shells as indicated in figure 4. The wing structure was
designed to have high resonant frequencies. With the root of the wing
rigidly clamped, the first bending frequency was 87 cps and the first
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torsional frequency was 104 cps. However, when the wing was mounted
in the oscillating mechanism, the first bending frequency of the wing-
support system was 2L.5 cps and the first torsional frequency was 12.5 cps.

Oscillating mechanism.- The oscillating mechanism used in this
investigation was similar to the one described in reference 5 except
that the electromagnetic shaker was replaced by a hydraulic shaker, as
shown in figures 3 and 5. The wing model was mounted through the side
wall of the tunnel on the oscillating mechanism that may be considered
essentially a torque rod which is supported by bearings near the wing
root and fixed at the far end. The semispan wing was attached to the
torque rod through a root clamp whose outer edge was flush with the
tunnel wall. In order to increase the bending natural frequency of the
wing—torque-rod assembly, the stiffness was increased in the vertical
bending direction by webs welded to the top and bottom of the torque
rod, which can be seen in figures 3 and 5.

The hydraulic system (figs. 3 and 5), whick furnished torgue to
the mechanism, consisted of two small hydraulically operated pistons,
servovalves, oil filters, an oscillator, and a hydraullc pump.

A fairing was placed over, and moved with, the root of the wing
(fig. 1) to provide smooth airflow. The wing was forced to oscillate
+1.5° in pitch about the 50-percent-root-chord point at the natural fre-
quency of the wing—torque-rod system by applying a harmonically oscil-
lating torque through the hydraulic shakers attached to the torgue rod.
The wing was placed successively at mean angles of attack of 0°, 5°,
and 100,

Instrumentation and Calibration

Tnstrumentation.- The instrumentation provided signals that were a
measure of the section lifts, section moments, and pressures on the wing
and the angular displacement of the wing at any instant. A block diagram
of the instrumentation is shown in figure 6.

There were 30 miniature electrical pressure gages whose locations,
both chordwise and spanwise (indicated on fig. 2), were determined on
the basis of a desired Gaussian numerical integration scheme, as described
in reference 6, in order to obtain the maximum accuracy of integrated 1ift
and moment for the number of gages used. These gages measured the pres-
sure differences between the upper and the lower surfaces of the wing
and are described in reference 7. The first two gages in each chordwise
row had a *15-psi range and all the other gages had a +8-psi range. All
the gages and associated recording instrumentation had a flat frequency
response to frequencies well above those at which the wing was oscillated
during the tests. The electrical impulses from the pressure gages were



fed both to an integrator, which was weighted according to the Gaussian
numerical integration scheme so as to measure first the section 1lift
and then, by switching, the section moment, and to a carrier amplifier
system to measure the individual pressures, The electrical signals
representing both the integrated pressures and the individual pressures
were recorded on osclllographs and the electrical signals proportional
to the integrated pressures representing either the section 1ift or the
section moment were switched into a resolver system to be recorded on
the automatic readout instrument.

The resolver system consisted of a precision motor that drives seven
resolvers on the same shaft. The output of the first resolver controlled
the hydraulic actuators for forcing the wing oscillations. The second
resolver was used as the reference to obtain the in-phase and out-of-
phase components of the angular position of the wing. The remaining
five resolvers were used to measure signals that were proportional to
the in-phase and out-of-phase components of the section 1ift and the
section moment relative to the angular displacement at the five span-
wise stations. A discussion of the basic resolver system of measuring
complex air forces is found in the appendix of reference 8.

The signal representing the angular position of the root of the
wing was obtained from a strain-gage bridge located on the torque rod
of the oscillating mechanism. The angular-position signal was fed
through a carrier amplifier to both the oscillograph recorder and to
the resolver system. In order to obtain the local angular displacements
and the bending deflections at the location of the pressure gages, a
photographic technique was used in which a camera was located behind a
slot across the tunnel test section and below the level of the wing to
take blur pictures of lines painted on the bottom of the oscillating
wing at every test point. The series of painted stripes on the wing
can be seen in figure 1. The camera was set at an angle of 11° below
the plane of the wing when oy = 0°,

Calibration.- The pressure gages were individually calibrated by
placing a manifold on the upper surface of the wing over the gages and
applying various vacuum pressures while the signal variation was recorded.
The integrators were adjusted for each semispan station by using a mani-
fold over all the gages in that semispan station for the 1lift and over
the front and rear halves of the station separately for the pitching
moment about the midchord. Then the section 1ift and section moment
were calibrated into the oscillograph as well as through the resolver
system to the automatic readout setup.

A photographic technique similar to that described in reference 5
was used to calibrate dynamically the angular position of the wing. At
the same time that the electrical output of the strain gage on the torque
rod was directed to the oscillograph and through the resolvers to the
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readout, a blur photograph was obtained of the lines of the wing by
using the camera mounted across the test section. The angle of oscil-
lation of any station on the wing could then be related to the amplitude
of the signal on the oscillograph or on the readout instruments. In
order to simplify the data-reduction process and to set the amplitude

of oscillation to the same value for each test point, the resolver was
adjusted so that the primary output was the in-phase component of the
position signal and the >ut-of -phase component was negligible.

Test Procedure

Data were obtained for 0°, 5°, and 10° mean angles of attack with
the model being driven at the resonant frequency of the wing-—torque-
rod system through an angle of +1.5° over the Mach number range fron
0.4 to 1.07. With the wing at a prescribed mean angle of attack, the
tunnel speed was adjusted to a required Mach number, the model was oscil-
lated to the desired amplitude, and the data were recorded on the print-
out cards and oscillographs. This procedure was repeated at other Mach
numbers until the entire Mach number range wac covered.

Figure 7 indicates that for the test Mach number range from 0.40
to 1.07 the reduced-frequency range was from 0.269 to 0.058. The Reynolds
number range was from 6.0 X 106 to 10.2 X 106 based on a wing average
chord of 2.5 feet.

DATA REDUCTION

Recordings of the signals representing the resultant pressure dif-
ference between the upper and lower wing surfaces from the individual
pressure gages Were somewhat distorted because of harmonice and resonant
frequencies. In order to extract the magnitude and phase angle of the
fundamental component, the individual traces of the pressure-gage output
were analyzed by using a harmonic analysis. A 1l2-point Fourier analysis
was made for the experimental data at 0° mean angle of attack to obtain
the magnitudes and phase angles of the fundamental mode. After the
magnitude of the fundamental component of the oscillating pressure was
determined by using the appropriate calibration factors, tunnel dynamic
pressure, and amplitude of oscillation, the pressure coefficient was
calculated.

The electrical outputs of the pressure gages for each wing station
were electrically integrated to obtain section 1lift and moment. The
signals representing 1ift and moment were separated into the real and
imaginary components by using resolvers and were recorded on IBM punch
cards. When the appropriate calibration factor, dynamic pressure Q,



wing chord c, and amplitude of oscillation |o| were combined, the

automatic computing equipment printed answers corresponding to the real
and imaginary section 1ift and moment coefficients, as well as their
phase angles, based on the root angle of the wing. The section 1lift
coefficient due to pitching oscillation is defined as

(ta)y ()
+ 1
qc |al qc |o]

1,0 =

and the section moment coefficient is defined as

(ma.), (),
Cm,q = I + i —=-
qe” |a| e jal

The magnitude is the square root of the sum of the squares of the real
and imaginary components and the tangent of the phase angle is equal to
the ratio of the imaginary component to the real component; that is,

lcl,a‘ = (cl,a)r2 + (cl,a)ig

1 (cl ’a')i

¢Z L = tan cz >
L/

A positive phase angle indicates that the force leads the displacement
in pitching oscillation and is plotted in terms of degrees rather than
radians.

As mentioned previously, the wing deformation was determined from
studies of photographs showing blurred lines. The amplitude of wing
bending of the midchord line is shown as a function of percent semispan
for various test Mach numbers in figure 8 for the wing mean angle of
attack of 0°., Although the same procedure was used to determine the
oscillatory deformations of the wing at ap = 5© and 10°, the deforma-
tions could not be obtailned consistently. Since the deformation trends
were similar to those for the wing at 0° mean angle of attack, it is
believed that the magnitudes of the oscillatory deformations at 5° and

10° mean angles of attack were the same as those at OC mean angle of attack.
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The overall, or total, cocefficients were obtained by summing the
section forces and moments with appropriate numerical integration fac-
tors and then by dividing by the dynamic pressure g, root angle of

attack |a|, and the total area of the wing S; thus,

| REAY
CL,a = (CL’a)r ¥ l(CL’a>i i (;S|Q1>r ' 1<;S|a|>i

Cw ~ = (C ) +ifc _ (e + 1 M
M,a = (M:a r (M,Cb)i - chO'CLI - qSCOIG" i

and the phase angles were agaln determined as

CL,Q).

¢ -t -1 i

L,a an CL,G,)I,
(CM’CL)

= tan-1 1

Pu,q = ten ).

ANALYTICAL PROCEDURE

Aerodynamic force, moment, and pressure coefficients for a finite
wing oscillating in a deformed pitching mode have been obtained by the
kernel function approach described in reference 3., The kernel function
procedure is used to calculate the pressure distribution associated with
a known distribution of downwash at the wing surface. The downwash on
the wing is satisfied at a number of control points and, for this inves-
tigation, was determined from the deformed pitching mode of oscillation.
Nine control points were used in the calculations and were located at
25, 50, and 75 percent chord for the 20-, 50-, and 80-percent-semispan
stations. Once the pressure distribution was known, integrated quanti-
ties, such as section or total forces and moments, could be obtained.
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RESULTS AND DISCUSSION

The results of this investigation are given in figures 9 to 15.
The results are presented in three main groups: pressure coefficients
and phase angles, section force and moment coefficients and phase angles,
and total or overall coefficients and phase angles as functions of chord-
wise and spanwise station location and Mach number. Results of a theo-
retical analysis based on the kernel function procedure are presented
for comparison with the experimental data in the subsonic region. At
Mach numbers above 0.9, no theoretical values were obtained.

Pressure Coefficients and Phase Angles

The experimental and theoretical pressure distribution for Mach
numbers from 0.40 to 1.05 are shown in figures 9 to 11 where pressure
coefficients and phase angles are plotted as a function of location in
percent chord and percent semispan. The semispan and chord locations
for each set of pressure gages are shown in the figures. Experimental
data are indicated as open symbols and the results of the analysis are
shown as the solid curve on these and all succeeding figures.

The chordwise distribution of pressure coefficients and their
respective phase angles are shown for various span locations in figure 9
for am = 0° at Mach numbers of 0.40, 0.60, 0.80, 0.90, 0.95, and 1.05.
The overall trends of theory and experiment, for both the coefficients
and phase angles, agree at all Mach numbers for which theoretical data
are presented. The magnitudes of the pressure coefficients are in good
agreement at the lower Mach numbers up to M = 0.80 (figs. 9(a) and 9(c))
and show some deviation at higher Mach numbers (figs. 9(e) and 9(g)).

The deviations probably were caused by oscillatory shock waves and flow
separation on the surface of the wing. The experimentally measured coef-
ficients at the higher Mach numbers (figs. 9(i) and 9(k)) are somewhat
erratic as might be expected. No clear definition of shock-wave loca-
tion can be made as is frequently made from steady-state pressure
measurements.

The phase angles by which the pressure differences lead or lag the
angular displacements are also shown in figure 9. A negative phase
angle indicates that the pressure difference lags the angular displacement.
Although the results of the experiment and the theoretical analysis agree
in trend, the magnitudes of the experimentally determined phase angles
differ somewhat from the theoretically determined values. Throughout
the Mach number range, the experimentally measured phase angle lags more
near the leading edge and leads somewhat more near the trailing edge than
theory predicts. At a Mach number of 0.95 (fig. 9(3)) the phase angle
changes little over the forward 50 percent of the wing chord but increases

QO O\ O b 1



OO+

11

rapidly thereafter. At M = 1.05 (fig. 9(1)) the phase angle increases
only slightly over the entire chord at all staetions shown with no large
increase at the trailing edge. The oscillating pressure exerts a dynam-
ically stabilizing moment about the pitch axis when the phase angle is
negative (lagging the displacement) ahead of the pitch axis, or is posi-
tive (leading the displacement) in back of the pitch axis. 1In all other
conditions, the pressure exerts a dynamically destabilizing moment. Fig-
ure 10 is presented to indicate the unstable regions on the surface of
the wing, as determined analytically and experimentally. The results

of the analysis predict that the pressure coet'ficient will be unstable
over the surface of the wing between approximutely the 15-percent-chord
and the 50-percent-chord line throughout the Mach number range. The
experimental results indicate an unstable region near the 50-percent-
chord line at Mach numbers up to 0.90 with the unstable region moving
to the rear half of the wing at Mach numbers of 0.95 and 1.05.

The pressure coefficients have been cross plotted to show spanwise
distributions in figure 11. In general, both the experimental and theo-
retical pressure coefficients decrease as the wing tip is approached.

It may be concluded that for pitch oscillation about ay = 0° good

agreement between experiment and theory has been obtained for the oscil-
latory pressure coefficients up to a Mach number of 0.80, although the
theory does not account for shock waves at transonic speeds.

Section Lift and Moment Coefficients and Phase Angles

Section pitching-moment coefficients.- The section pitching-moment
coefficients and their respective phase angles are given in figure 12
for mean angles of attack of 0°, 5°, and 10°. The root angular oscil-
lation was #1.5° at all mean angles of attack. For reference, theoretical
data are plotted in figure 12 for all three mean angles of attack even
though theory might not be applicable to the higher angles.

The agreement between theoretically and experimentally determined
section moment coefficients is very good for 0° mean angle of attack
(fig. 12(a)). The experimental data are sufficiently consistent to
indicate no radical deviation near a Mach number of 1.00. The moment
data for the higher mean angles of attack (figs. 12(c) and 12(e)) also
indicate that the coefficients are consistent above M = 0.95 with the
exception of the coefficients at the 62-percent-semispan station for a
mean angle of attack of 10°.

At wing mean angles of attack of 5° and 10° (figs. 12(c) and 12(e)),
some deviation between experimental values and theoretical values occurs
as might be expected since the theory does not account for wing mean
angle of attack. At high Mach numbers (above 1.00) coefficients for
both 5° and 10° mean angles of attack are considerably less than those
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for 0° mean angle of attack. The moment coefficients for 10° mean angle
of attack are considerably smaller than those for the other mean angles.

Section pitching-moment phase angles.- The phase angles corresponding
to the section pitching-moment coefficients for the various mean angles
of attack are also shown in figure 12. Very good agreement exists between
theory and experiment for a = 0° and 5° through nearly the complete
range where theoretical data are presented. At M = 0.90, the experi-
mental values tend to decrease more rapidly than the theoretical results.
In the transonic speed range, M = 0.90 to M = 1.05, there is consider-
able scatter in the data, especially at 5° mean angle of attack
(fig. 12(d)). Apparently, the oscillating shock waves on the wing cause
the phase angle to move erratically.

At 10° mean angle of attack the phase angles are positive over the
three middle pressure-gage stations up to M = 0.90 (fig. 12(f)). The
positive sign of the moment phase angle indicates a dynamically desta-
bilizing moment - that is, the aerodynamic damping has changed sign and
the oscillation no longer has the tendency to damp out or have a decaying
oscillation. The negative phase angles of the root and tip stations
indicate stabilizing moments., Fortunately, the internal damping of the
wing-—torgue-rod assembly was sufficient to keep the wing configuration
stable in the tumnel. Evidence of the stalled condition is indicated
in figure 12(f) where the section moment phase angle with the mean angle
of attack of the wing at 10° is in the unstable region over most of the
wing through a large Mach number range. As a matter of interest, it may
be pointed out that, when an attempt was made to obtain data at 15° mean
angle of attack, stall flutter was encountered at a Mach number of 0.40.

Section 1lift coefficients.~- The section 1lift coefficients and their
respective phase angles are given in figure 13 for mean angles of attack
of 09, 50, and 10°. In general, the experimentally and theoretically
determined section lift coefficients for the wing at 0° mean angle of
attack (fig. 13(a)) follow the same trend with the analytical values
higher; that is, the wing felt less oscillatory force than was predicted
and, therefore, a calculated flutter speed would probably be lower than
the actual flutter speed. The data are consistent in the transonic speed
range with the exception of those for the 38-percent-span station.

The section 1ift coefficients for 5° mean angle of attack are pre-
sented in figure 13(c). The experimental and theoretical results are
in good agreement for the three inboard spanwise stations, whereas the
theoretical values fall below the experimental results for the two out-
board spanwise stations. The theory does not consider any mean angles
of attack other than 0° and the higher experimental coefficlents at the
outboard stations may be caused by tip effects and flow separation.

0 O\ O\ =
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The experimental 1lift coefficients for 10° mean angle of attack
(fig. 13(e)) indicate values higher than those for O° mean angle of
attack at Mach numbers up to 0.70. A similar trend is evident in the
data of reference 9. At higher Mach numbers, the values diminish and
become less than those for the 0° mean angle of attack. Thus, the effect
of increasing wing angle of attack 1s to increase the 1ift coefficients
in the low Mach number region and to decrease the coefficients in the
higher subsonic and low transonic reglons.

Section 1ift phase angles.- The phase angles corresponding to the
section 1ift coefficients also are given in figure 13 for mean angles
of attack of OO, 50, and 10°. Very good agreement exists between theory
and experiment for the 0° mean angle of attack in the Mach number range
where theoretical data are presented (fig. 13(b)). Above this range,
the phase-angle measurements continue the established trend and become
negative at all stations. The same trend is observed for both 50 and
10° mean angles of attack.

Total Lift and Moment Coefficients and Phase Angles

Total pitching-moment coefficients.- The total pitching-moment coef-
ficients and phase angles are shown in figure 14 for mean angles of attack
of 0°, 5°, and 10°. The solid curve represents the theoretical results;
the dashed curve represents the theoretical value of the two-dimensional
moment coefficient corrected for aspect ratio and compressibility effects

A
by , and the open symbols indicate the experimental data.

AVl - M2+ 2

The theory agrees very well with experiment for O° mean angle of attack,
and the corrected two-dimensional moment coefficient follows a trend
similar to that for the moment data but at a larger magnitude. At

M = 0.90 the experimental coefficients start to decrease as is usually
the case for static coefficients. The 10° angle-of-attack data are lower
than the 0° and 5° data probably as a result of separated-flow effects.

Total pitching-moment phase angles.- The phase angles corresponding
to the overall pitching-moment coefficients are also shown in figure 1k,
The solid curve represents the results of the theoretical analyses which
are in good agreement with the experimental results for ap = 0° and 5°

over the range where theory is presented. The total moment phase angles
are little different from the section moment phase angles for 5° and 10°
angles of attack, as shown in figure 12. These total moment phase angles
for 10° angle of attack are practically all positive as might be expected
from the section phase angles (fig. 12(f)). However, a divergent oscil-
lation did not occur since the internal damping was greater than the over-
all destabilizing aerodynamic damping.



14

Total 1ift coefficients.- Theoretical and experimental total 1lift
coefficients and phase angles are shown in figure 15. The results of
theory are shown as a solid curve, the two-dimensional 1lift coefficient
corrected for aspect ratio and compressibility effects is indicated by
the dashed curves, and the experimental data are indicated by symbols.
At a mean angle of attack of OO, the magnitudes of the experimental and
theoretical coefficients show good agreement in trend (fig. 15(a)); but
again, as with the section 1lift coefficients, the theoretical values are
moderately greater. Although the 1ift coefficients obtained from the
aspect-ratio correction indicate a similar trend, the magnitudes were
considerably higher than the experimental vealues.

The 1ift coefficients increase with an increase in mean angle of
attack in the lower Mach number range as can be seen at a Mach number
of 0.40 and decrease slightly with increasing angle of attack at the
higher Mach numbers as indicated at a Mach number of 1.00. The total
pitching-moment coefficients followed the same trend in the higher Mach
number range (fig. 14(a)).

DOONO\N

Total 1lift phase angles.- The phase angles corresponding to the over-
all 1ift coefficients are shown in figure 15(b). Very good agreement
occurs between theory and experiment for an = 0° 1in the range of theory
shown in the figure. The change of sign of ¢L,a in the transonic Mach
number range is encountered for both the section derivatives (fig. 13(b))
and in unpublished data obtained by Leadbetter and Clevenson at the
Langley Research Center for a low-aspect-ratio rectangular wing oscil-
lating in pitch at transonic speeds. The phase angles for mean angles
of attack of 5° and 10° indicate trends similar to those for ap = 0°.
The scatter in the data with the wing at 10° mean angle of attack is
caused by flow separation and shock waves on the wing.

CONCLUSIONS

Aerodynamic forces, moments, and pressures, along with their respec-
tive phase angles, assoclated with a deformed pitching oscillation have
been measured on an aspect-ratio-3, taper-ratio-0.5 wing by using a
resonant oscillation experimental technique. The measurements were made
over a range of Mach number from 0.40 to 1.07, a range of reduced fre-
quency from 0.058 to 0.269, and a range of Reynolds number from 6.0 x 100
to 10.2 X 106. In addition, theoretical results, based on experimentally
determined mode shapes, have been obtained for comparison in the Mach -
number range from 0.40 to 0.90. From the results given, the following
conclusions are made:
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1. The trends of the theoretically and experimentally determined
pressure coefficients and phase angles agreed at Mach numbers where
theory is presented with the exception of speed ranges where local shock
waves and flow separation occur. The magnitudes of the pressure coef-
ficients were in good agreement in the lower Mach number range up to a
Mach number of 0.80. The measured coefficients were somewhat erratic
in the transonic speed region.

2. The agreement between the theoretically and experimentally
determined section moment coefficients and phase angles is very good for
0° mean angle of attack. At higher mean angles of attack, deviations
occur in the magnitude of the pitching-moment coefficient; the corre-
sponding phase angle also indicates an unstable condition.

%, The experimentally determined section 1ift coefficients, although
agreeing with theory in trend, indicate that the analysis gives results
that are somewhat higher than those measured at 0° angle of attack. At
higher angles of attack, the section 1ift coefficients increased in the
low Mach number region and decreased at the higher speeds. The corre-
sponding phase angles are predicted within a few degrees.

Langley Research Center,
National Aerconautics and Space Administration,
Langley Air Force Base, Va., January 25, 1962.
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Pressure-Gage Locations
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(a) Variation of k with M at several pressure-gage locations.

Figure T.- Mach number, reduced frequency, and Reynolds number ranges of
the experimental investigation.
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Figure 9.~ Experimental and theoretical chordwise distributions of
pressure coefficient and phase angle. am = 0°.
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Figure 9.- Continued.
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Figure 9.- Continued.
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Figure 1ll.- Continued.
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Figure 12.- Continued.

57

Mach number, M

— Theory
Semispan
—r percent 0
T [N ™~ [N
o7 20 o)
_40 i
1 O DE
NP 7.y *
20—+
N
83 -40 "
& A -60
¢m,a’ l
deg 5 4
2 2)
Teo © &I
- -40
_4 Q7
P9
OQm -60L-L L ©
- 0]
38 ] l -
i -20 ‘EE{D :
-40 .
17 0 L
[ ©
-40 ol
K3 8 0 1.2 0 2 4 6 .8 1.0

1.2

(d) Phase angle for ap = 5°.



38

Theory
Semispan
4 percent 200 1
Y N
2 [N b A o7 O N A I>B{;' gb
0 2l ~200
4 200
83 : A
2 0 s
A
0 =¥V -200
4 200
(o7 62 q
2 % ‘#m,a*() Rod
\Cm;a‘ -——-——"‘/ deg
0 S @ 2 g -200
4 1g 200 0o
2 O lis] [is] e
a g
0 =t —200 =
— 0
4 7 200
2 Ot = Pty
© ¥ -200
0 o 4 6 8 10 12 O 2 4 6 8 10

(e) Pitching-moment coefficient

for ay = 10°.

Figure 12.- Concluded.

Mach number, M

1.2

(£) Phase angle for oagp = 10°.

L-1663



L-1668

39

—— Theory
Semispan
8 — percent 40
‘ 97
4 b 20
N N
0 L 0 Lt
12 -20 Dhon
8
83 20 A
~ 2 2,
4 7. g Y- e 0
O _ 20 AN,
12 -40
8 20
62
4’2 20 - — R e
Ic Lal ahid deg . -
0] -20
12 -40
8 -+ A 20
38 i ol
4 1 L i 0 =L J
or g%q
0 -20 :
12 - 20
_ g L9 :
]
i aso Kol
8 ) 0 o
OJ
4 o e -20 <
0 2 4 6 8 10 12 %9274 & 8§ 10

(a) Lift coefficient for

Figure 13.- Variation of

Mach number, M

ay = 0°.

1.2

(b) Phase angle for oy = 0°.

section 1ift coefficient and phase angle with

Mach number.



—— Theory
Semispan
8 - percent 20
| [N [N [EEN
0 { —20 FK J
8 ! g3 20 2
4 N1 _,A % 0 o B e -
A A
o) | -20
8T T e, N
ICL,Q| 4 D O?)v tzeéa,o | S
[ J & Soos
<> w7
0 -20
8 l 1 3g 20
=87 @g
4 1 L 4 C - O
G 0 g
l i {
0 -20
8 20
T " SEmAEE
O
o —d
4 [ & Qgﬁq?v 0 OO%D i #
o =2 4 6 8 10 12 2052 4 & 8 10 12
Mach number, M
(c) Lift coefficient for ap = 50. (d) Phase angle for oy = 50.

Figure 13.- Continued.

L-1663



L-1663

41

Theory
Semispan
12 percent 100
97 N
8 0 o F it
0] ‘ 100
A
8 83 O D Adi
3
0 100
o %
Z,al 8 & deq 0 L W@
4 = F -
Y 100
0 100
8 38 0 g g Of
i B
4 =4 Dj@ s -100
0] 200
8 1 17 100 oo
4 o B B e TS 0 = ?
-10
0 2 4 6 8 10 1.2 OO 2 4 6 8 10 12

Mach number

(e) Lift coefficient for ayp = 10°.

, M

f) Phase angle for = 10°.
Qm

Figure 13.- Concluded.



L2

. e99T-T |

*JoquMU TOBW UITA oTSur oseyd pue 3uUSTOTIIS00 qusmom-Butyostd TB30% JO UOTYBTIBA - T SINITL

‘00T PUB ‘¢ ‘o0 = WO

00T puE ‘oG ‘o0 = Up 103 oT3us 2seyd (q) J0J JUSTOTIIS00 JuUswmom-BuTyo}Td (®B)
W “48quinu  yoop
2 ol g8 9 v 2 OOON| 21 o) 8 9 14 4 0]
[e3)
N O | 5
001- - o = == =o |
0
0 4
Q02— 0
@] @mu wU
| p
Somliis oo M G- e Db
af /nu/?; | C-97
b S
0 2
001 st 0
© o | O @ &
4 144 0 .\\\m.‘\l.\uvl.l\\il\l =+== |
S Eh
YTV ¢
|
00 ol 2
bap ‘Wp
002 ¢
2+ W-ifMv
v(2/4) T

K108y )



43

TIsquMuI UoeW U3Tm oTIue aseyd pus FUSTOTIISO0D 3ITT Te30% JO UOT)eTIBA -°CT 2InBTq

00T PUB ‘oG ‘0 = ®o 103 oT8ue sswuyg (a) 00T PUe ‘¢ ‘00 = o 103 JUSTOTIFO00 4ITT (=)

W “aqunu yoopw

¢l (o} 8’ 9 14 4 0 2l Ol 8 9 14 2 0
ov—
02— 4
- @
@ o ¢ ¢ 1 |4 1]
WS e © = F v
PR P rJ/ T -
| | 0 ’
02 9
02— 0
= 0 2
bap ‘
~o | | .cr_nwV _u Ty
b — (oF =] =334
| S %
o _ Oq " i i 1 1 m
T 02—~ 0
%
0 0] 14
S ¢ | ¢ AR | | 1
032 T == v
o1 1T
bap ‘Wp L~
— ov 9
N+N_2l_\.<
vz T
Kioay |

699T-1 * - S

L-1668

NASA-Langley, 1962






